Abstract: A new family of π-conjugated polyketanils was synthesized and thermal and optical properties of the polymers were tuned by 'chain engineering', consisting of the appropriate design of chain building blocks using diamines and diketones with various chemical structures, and 'dopant engineering' in which a specially designed multifunctional dopant was used, 1,2-(di-2-ethylhexyl) ester of 4-sulfophthalic acid, capable of specific interaction with the host polymer. The structure of the dopant creates a new type of supramolecular comb-shaped architecture in which the lateral groups, anions of the sulfophthalic acid residue, are ionically bonded to the main chain via protonation of ketimine nitrogen atoms. This specific interaction of the dopant with the host polymer influences the polyketanils' properties and the following changes were observed: decreasing glass transition temperature and improvement of polymer film flexibility, as well as a bathochromic shift of the photoluminescence emission band.
Introduction
Studies on the synthesis of conjugated polymers and investigation of their electronic, optoelectronic and nonlinear optical properties constitute a large area of research in contemporary polymer science [1] [2] [3] [4] [5] [6] [7] [8] . Aromatic polyketanils are synthesized in the reaction of nitrogen nucleophiles with carbonyl compounds that proceeds in two general stages: formation of a carbinolamine addition intermediate followed by carbinolamine dehydration to yield the imine product [9, 10] . These polyketanils are a new class of π-conjugated polymers that are especially attractive for the investigation of structure-property relationships.
Previously, as in the case of the most conjugated polymers, polyketanils were investigated from the point of view of their thermal stability. In several works diacetyl derivatives were used as diketone comonomer. Topchiev et al. [11] condensed 4,4'-diacetyldiphenylmethane and 4,4'-diacetyldiphenyl sulfide with 1,4-phenylenediamine. The resulting products melted at about 100°C and their conductivity was in the range of 10 -16 -10 -12 S/cm. The same results were described in ref. [12] . D'Alelio et al. [13] obtained a few series of polyketanils from 1,4-diacetylbenzene, 4,4'-diacetyldiphenylmethane, -ether, -sulfide and -sulfone and various diamines and investigated their 1 thermal stability. 1,4-Diacetylbenzene was also used for condensation with 2-methyl-1,4-phenylenediamine by Morgan et al. [14] . The resulting polyketanil had a melting point at about 370°C. Patel et al. [15] condensed 4,4'-diacetyldiphenyl ether with different diamines. A diketone with two ether linkages separated by a phenylene ring was used by Banerjee et al. [16] for condensation with aromatic and aliphatic diamines in m-cresol. The polyketanils were investigated from the point of view of their thermal stability and conductivity before and after doping with iodine. Halodisplacement was used by Yeakel et al. [17] and Matsuo et al. [18] for the synthesis of polyketanils with ether linkages. Polyketanils with phenyl pendant groups were synthesized by Volpe et al. [19] [20] [21] using p-and m-dibenzoylbenzene and diamines. Thermal stability of polyketanils with naphthalene pendant groups was studied by Sęk [22] . Linear and cyclic oligomers from 4-aminobenzophenone and dendritic oligomers were synthesized by Yamamoto et al. [23] [24] [25] [26] [27] [28] [29] . Our previous paper [30] reported the synthesis and properties of some aliphatic polyketanils.
One of the main goals of these studies is the fundamental understanding of the underlying chemical structure-property relationships that might form the basis for a 'molecular engineering' approach to electronic, optoelectronic and photonic polymers. On the other hand for polyketanils a supramolecular approach to properties modelling can be applied, as well. Having -C=N-groups in the main chain, polyketanils can be protonated with Bronsted acids and complexed with Lewis acids. This 'dopant engineering' creates new possibilities to influence on their properties.
To the authors best knowledge there are no reports concerning the comparison of spectral and thermal properties of polyketanils before and after protonation of ketimine groups. In this work the 1,2-(di-2-ethylhexyl) ester of 4-sulfophthalic acid (DEHEPSA) was used as protonating agent. However due to its structure this compound acts also as a plastisizer (plastdopant). Therefore, the dopant will influence the spectral, thermal and mechanical properties of the polyketanils. Protonation of ketimine groups with DEHEPSA creates a new type of supramolecular structure in which the lateral groups -anions of sulfonic acid -are bonded ionically to the main chain, as is show in Fig. 1. 
Experimental part

Materials
3,3',5,5'-Tetramethylbenzidine (Aldrich), 4,4'-methylenedianiline (Aldrich), 4,4'-(1,3-phenylenedioxy)dianiline (Aldrich) were used as laboratory reagents without further purification. 4,4'-Diaminobiphenyl (Fluka) and 4,4'-diaminodiphenyl ether (Merck) were recrystallized from boiling water in the presence of charcoal. p-Dibenzoylbenzene, p-dibenzoyltoluene and p-dibenzoylxylene were prepared as described in ref. [30] . 1,2-(Di-2-ethylhexyl) ester of 4-sulfophthalic acid (DEHEPSA) was prepared as described in ref. [31] . Solvents: m-cresol (MC) was distilled; dimethylacetamide (DMA) and methanol were used without purification.
Measurements
The obtained polymers were characterized by the following techniques: elemental analysis (240C Perkin-Elmer analyzer), 13 C NMR (Varian Inova 300 Spectrometer, CDCl 3 solvent against tetramethylsilane as an internal reference), FTIR (BIO-RAD FTS 40 A spectrometer, KBr pressed pellet technique). UV-vis solution absorption spectra were recorded using a Hewlett-Packard 8452a spectrophotometer whereas the photoluminescence solution spectra were registered on a Fluorolog 3.12 spex spectrometer with a 400 nm excitation line (450 W xenon lamp as the light source).
X-ray diffraction patterns were recorded using powder samples on a wide-angle HZG-4 diffractometer working in typical Bragg geometry. Cu-K α radiation was applied.
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Polymer synthesis 1 mmol of diketone and 1 mmol of diamine were heated and stirred at 180°C for 24 h under nitrogen atmosphere. The mixture was cooled to room temperature, scraped and powdered. The polymers were purified by Soxhlet extraction with methanol and later with acetone and dried at 60°C in vacuum for 24 h.
Protonation of polyketanils
Protonation of polyketanils with DEHEPSA was carried out at room temperature using m-cresol as a solvent. DEHEPSA was added to the MC solution of polyketanils studied in the 1:1 ratio with respect to imine nitrogens in order to assure full protonation of the polymer.
Results and discussion
A series of new polyketanils from various diamines and p-dibenzoyltoluene has been prepared. For established an influence of pendant group structure on the polyketanils properties polymers from benzidine and p-dibenzoylbenzene and p-dibenzoylxylene were also prepared.
Polyketanils synthesized were soluble in many organic solvents as chloroform, tetrahydrofuran (THF), dimethylacetamide (DMA), and m-cresol (MC) and formed transparent films with good adhesion to glass and aluminium. The presence of the imine group in the polymer backbone was confirmed by FTIR, 13 C NMR and elemental analysis.
Characterization of molecular structure and properties of the polyketanils
Polyketanils from different diketones and aromatic diamines, i.e., 4,4'-diaminobiphenyl, 4,4'-methylenedianiline, 4,4'-diaminodiphenyl ether, 4,4'-(1,3-phenylenedioxy)dianiline and 3,3',5,5'-tetramethylbenzidine were synthesized and their structures are presented in Fig. 2 .
These polymers were synthesized in order to understand the role of effective π-electron delocalization along the backbone of conjugated polymers. The conformation of the polymer chains and hence the π-electron delocalization were altered by using diamines with various linkages between adjacent aromatic rings (PKT2, PKT3, PKT4) or without linkages between aromatic rings (PK1, PKT1, PKK1 and PKT5).
Infrared spectroscopy
FTIR spectra of the polyketanils synthesized confirmed the proposed structures. The assignment of the characteristic vibrational bands in the FTIR spectra is summarized in Tab. 1. The most important absorption band in the FTIR spectra of the aromatic polyketanils is in the range of 1599 -1621 cm -1 because it is assigned to the C=N stretching vibration. As a matter of fact the C=N absorption band is very close to C=C in aromatic ring absorption and in two cases (PKT3 and PKT4) these two bands are not well separated.
FTIR spectra of all the polymers exhibit intense absorption bands in the 816 -860 cm -1 region. These vibrational bands are assigned to the out-of-plane C-H bending vibrations of the respective rings [8] . The presence of the ether groups in polymers PKT3 and PKT4 causes the appearance of oxygen stretching vibration around 1207 -1211 cm -1 . The absorption band at 2915 -2919 cm -1 is due to stretching vibration of methyl groups bonded to phenyl pendant rings while the absorption near 2858 cm -1 , observed only in the spectrum of the polymer PKT5, confirms the presence of methyl groups in the diamine structure. After protonation the absorption band due to -C=N-groups became broader and was shifted towards higher frequency in the range of 2 -7 cm -1 . This means a shortening of the bond length between carbon and nitrogen atoms and a change in conjugation along the polymer chain. Similar results were described for Schiff's bases [32] .
C NMR spectroscopy
Structures of the polyketanils were also determined by 13 C NMR spectroscopy. Signals in the range of 166 -169 ppm confirm the presence of a ketimine group carbon atom. A splitting of some signals in the 13 C NMR spectrum can confirm the presence of isomers.
The chemical shifts of carbons depend on the polymer structure. The most interesting seem to be the chemical shifts of carbons C5, C10, C11, C12 and C13 in relation to the diamine structure. Taking into consideration the structure of the group bonding two aromatic rings in the diamine, i.e., direct connection, -CH 2 -, and -O-, it can be seen that only the ether linkage influences the C13 chemical shift towards a higher value. This phenomenon was also observed for polyketanils prepared from trans-1,2-dibenzoylethylene and different diamines [33] . The presence of methyl groups at ortho position to nitrogen (PKT5) causes a significant shift of the C13 signal in comparison with the unsubstituted analogue (PKT1). Shifts to smaller values are observed in the case of C5, C10 and C11 signals in polymers with ether linkages 5 (PKT3, PKT4). Therefore, for the polyketanil PKT5 additional signals are seen at ≈18 ppm, due to the presence of methyl groups in the diamine residue. The 13 C NMR spectra are in good agreement with the proposed structures. 
Elemental analysis
Additional characterization of the molecular structure of the polymers was done by elemental analysis. The results are collected in Tab. 3. Some differences in the calculated and found values, mainly a deficiency of carbon content, may be due to omitting in the calculation an oxygen content in the keto end groups, the presence of which was confirmed by FTIR. On the other hand this deficiency of carbon content may be a result of the difficulties in burning these high-temperature polymers. The same behaviour was observed by Jenekhe et al. [8] for a series of conjugated aromatic polyimines with various backbone and side group substitution structures and was explained as a result of the difficulties in burning the high-temperature polymers. 
UV-vis spectroscopy
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In UV-vis spectra of the polyketanils investigated in m-cresol, two absorption bands were detected: the first in the range of 270 -320 nm (characteristic of the benzene rings) and the second at 350 -420 nm (characteristic of the -C=N-groups) (Tab. 4).
The presence of methyl groups in the diamine (PKT5) affects the hipsochromic shift of the absorption band characteristic of the -C=N-group in comparison with the unsubstituted diamine (PKT1). The same effect was observed when two methyl substituents were bonded to pendant groups of the diketone (PKT1 and PKK1). Typical solution UV-vis spectra of the polyketanils are presented in Fig. 3 
Fluorescence properties
Optical and, more particularly, photoluminescent properties of polyconjugated systems have been studied very extensively in the past 15 years mainly because of their application in organic light emitting diodes (OLEDs) [34] [35] [36] [37] . However, this branch of polymer electronics still faces several technological problems associated with a rather limited lifetime of blue emitters (in the absence of an efficient encapsulation of the devices) whose spectra become contaminated with green colour components as their degradation proceeds [38] [39] [40] [41] [42] [43] . Therefore, the search for new polymeric emitters of enhanced stability is of significant importance. Polyketanils seem good candidates for this purpose since their luminescence not only fits the required spectral region but, in addition, they exhibit enhanced thermal stability as compared to the majority of luminescent polymers. The polyketanil chain contains two types of chromophore groups in conjugation: the aromatic ring and the ketimine group.
Photoluminescence ( Replacement of DMA by MC results in a bathochromic shift of the photoluminescence bands, being observed in the range 514 -525 nm (Tab. 4). It is connected with the fact that MC is not an inert solvent and strongly interacts with the polymer chain, modifying its conformation towards higher planarity. This can occur via hydrogen bond formation between imine-type nitrogens of polyketanils, which are hydrogen bonding acceptors, and the hydroxyl group of MC, which is a good hydrogen bonding donor.
Thermal properties
The thermal behaviour of the polymers was examined by TG under nitrogen atmosphere, and the results are presented in Tab. 5. Results of thermogravimetric analysis show that the polyketanils are thermally stable up to at least 430°C. DSC showed well defined glass transition temperatures (T g ) of the polymers in the range 91 -172°C (Tab. 5).
The glass transition temperature of the polyketanil synthesized from 3,3',5,5'-tetramethylbenzidine (PKT5) is higher than the value found for the polymer from benzidine. This phenomenon was also observed for polyketanils prepared from pdibenzoylbenzene or trans-1,2-dibenzoylethylene and different diamines [33, 44] and for polyimides synthesized from diamines with a methyl group at ortho position to the amine group [45, 46] . The explanation of this behaviour may be a hindered rotation caused by the presence of the substituents, which affects the polymer chain to be stiffer. Melting endotherms were not observed for polymers PKT1, PKT2, PKT3 and PKT5; this indicates the amorphous nature of the polymers. Only polymer PKT4 is semicrystalline and a melting point was detected as an endotherm at 310°C.
The polyketanils from p-dibenzoyltoluene and p-dibenzoylxylene have a lower T g than the polyketanil prepared from p-dibenzoylbenzene and the same diamine. This may be due to the presence of a pendant -CH 3 group in the polymer structure. Influence of protonation on the properties of polyketanils
UV-vis absorption spectra
The nitrogen atom in a ketimine group, having a free electron pair, can be protonated by protonic acids and complexed by Lewis acids. These treatments may influence electron delocalization along the polymer chain. In this work the 1,2-(di-2-ethylhexyl) ester of sulfophthalic acid (DEHEPSA) was used as a protonating agent. Changes in the intensity and shapes of the UV-vis spectra of the polymers investigated after protonation with DEHEPSA confirm that some delocalization of electrons in the polymer chains took place (Fig. 4) . The protonation effect can be detected also as a change of colour in direction to a deeper tone. For most polyketanils investigated UV-vis absorption bands due to -C=N-groups were bathochromically shifted after protonation in the range of 10 -90 nm (Tab. 4). In the most cases the absorption bands characteristic of an aromatic ring were also redshifted but the polyketanils PKT2 and PKT5 exhibited a blue-shift while for PK1 the absorption band is not clearly separated and looks like a long tail.
Photoluminescence properties of the polyketanils after protonation
After protonation of the polyketanils in MC solution with DEHEPSA the emission waves were red-shifted to values of 538 -578 nm (Tab. 4). The highest bathochromic shift (56 nm) exhibits the polyketanil from benzidine (PKT1) while the presence of a methylene group between the phenyl rings in the diamine (PKT2) results in only 15 nm shift. On the other hand ether linkages in the diamine structure (PKT3, PKT4) lead to a higher value of bathochromic shift of photoluminescence after protonation in comparison with the -CH 2 -group (PKT2). Wavelength of emission and also the shift after protonation depend also on the diketone structure. Polyketanil from benzidine and p-dibenzoylbenzene (PK1) emits light at shorter wavelength than polyketanils from p-dibenzoyltoluene (PKT1) and p-dibenzoylxylene (PKK1). However the methyl groups in 3,3',5,5'-tetrametylbenzidine (PKT5) cause a bathochromic shift of the emission wavelength relative to the one observed for benzidine (PKT1). Fig. 5 shows luminescence spectra for undoped and doped polyketanil PKT3. It should be mentioned that there is also a possibility of interaction between oxygen of sulfonic groups of DEHEPSA ionically bonded to polyketanil chains and MC hydroxyl groups. Well-defined supramolecular structures can be formed [47] [48] [49] [50] [51] [52] [53] (Fig.  6) . The glass transition temperatures of the polyketanils after protonation were observed at lower temperatures (Tab. 5) as a result of the plastisizing effect of DEHEPSA. Also the melting point of the polyketanil PKT4 decreased to 175°C.
Polymer PKT4 is semicrystalline as determined by DSC and X-ray powder diffraction. After its protonation a more amorphous structure was observed (Fig. 7) .
Films made of all polyketanils under investigations after protonation were much more flexible than the virgin ones; that confirms that DEHEPSA works as a plastisizer (plastdopant).
Conclusions
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A series of π-conjugated aromatic polyketanils has been prepared and their molecular structures were characterized in detail. Thermal, optical and photoluminescence properties of the polyketanils before and after protonation with 1,2-(di-2-ethylhexyl) ester of 4-sulfophthalic acid (DEHEPSA) were investigated. Protonation of the ketimine groups caused some changes in the delocalization of π-electrons in the polymer chains. Red shift of absorption bands in optical spectra along with a bathochromic shift of luminescence emission bands were observed. This confirms that by combining chain engineering with acid-base doping (protonation of imine nitrogens) it is possible to precisely control the photoluminescence spectra of polyketanils. Moreover, the use of protonating agents with plastisizing properties, in addition to the modification of the photoluminescence spectrum, results in a significant improvement of the mechanical properties of polyketanils due to a significant decrease in their T g . 
